:YAG parts of its binary structure.
Introduction
Highly transparent Lu ) doped crystalline ceramics have gained more attention as novel solid-state laser materials due to their several remarkable advantages [1-3], such as high concentration doping especially for Nd 3+ ions in yttrium aluminum garnet (YAG), easy fabrication of large-size ceramic samples, low cost, mass production and multilayer and multifunctional ceramics lasing components, compared with the same name of laser single crystals. Efficient Xe-flashlamp-pumped Cr 3+ , Nd 3+ -codoped YAG ceramic laser has been demonstrated recently [1] . Modern sintering ceramic technology allows to form composite materials to reduce the thermal effect and to suppress parasitic oscillation [4] . Efficient laser performance with Nd:YAG lasing and undoped YAG -cap or -clad parts has been reported recently [2, 5] . High power CW operation of edge-pumped composite allceramic Yb:YAG lasers surrounded with undoped YAG-cap part have been demonstrated recently as well [6] . Laser-diode pumped passively Q-switched microchip solid-state lasers with high peak power have been shown to be useful sources for many applications [7] . Compared to Nd:YAG gain medium, Yb:YAG has several well-known advantages in passively Q-switched laser operations such as smaller emission cross section (only one tenth of that for Nd:YAG) for obtaining high pulse energy, longer lifetime for energy storage [8] . :YAG part is antireflection coated for 1030 nm lasing wavelength. A plane-parallel output coupling mirror with 50% transmission at 1030 nm was used as output coupler. The cavity length is about 2.7 mm. A high-power fiber-coupled 940 nm laser-diode with a core diameter of 100 μm and numerical aperture of 0.22 was used as the pump source. Two lenses of 8 mm focal length were used to focus the pump beam on the ceramic rear surface and to produce a pump light footprint on the ceramic of about 100 μm in diameter. The laser was operated at room temperature with active cooling of the working parts. The Q-switched pulse shapes were recorded by using a fiber-coupled InGaAs photodiode with a bandwidth of 16 GHz and a 7 GHz Tektronix TDS7704B digital phosphor oscilloscope. The stimulated emission ( 2 F 5/2 → 2 F 7/2 channel) spectrum was analyzed by using an optical spectrum analyzer. The laser output beam profile was monitored using a charge-coupled device camera both in the near field and the far field of the output coupler. 
Results and discussion
Absorbed pump power of Yb:YAG/Cr :YAG ceramics nearly keeps constant under the lasing condition. However, the absorption efficiency will decrease when the pump power is much higher than present pump power level because the thermal effect will be a main factor to change the absorption coefficient of Yb:YAG ceramic. The absorption efficiency in free running operation of Yb:YAG ceramic should be less than that in Q-switched operation because there is absorption from Cr There is thermal lens effect in such compact composite Yb:YAG/Cr 4+ :YAG ceramics self-Q-switched lasers. The stability of plane-parallel laser cavity is maintained by the thermal lens effect induced by heat generated inside the gain medium resulting from the absorbed pump power. Although the thermal lens effect will limit the laser performance, the thermal lens effect is not strong enough to affect the laser performance due to the low pump power level used in the experiments. In fact the composite Yb:YAG/Cr 4+ :YAG ceramics structure will be benefit for alleviating the thermal lens effect as indicated in the laser performance in Single-longitudinal-mode stimulated emission oscillation at 1030.6 nm was achieved when the absorbed pump power was kept below 1.7 W. Above this value, the laser exhibited two-or three-longitudinal-modes oscillation, as shown in Fig. 3 . The separation between longitudinal modes was measured to be 0.22 nm, which is two times wider than the free spectral range between the resonant modes (0.108 nm) in the laser cavity filled with gain medium predicted by [16] Δλ c = λ 2 /2L c , where L c is the optical length of the resonator and λ is the laser wavelength. The potential output longitudinal modes were selected by the combined etalon effect of the 1.5-mm-thick Cr:YAG ceramic part as an intracavity etalon and 1.2-mmthick Yb:YAG lasing part as a resonant reflector. The resonant mode will oscillate at 1030.82 nm due to the asymmetric gain profile centered at 1030 nm. The interesting phenomenon is that the third mode at 1029.7 nm appears and intensity of laser mode at longer wavelength of 1031.1 nm decreases when the pump power is higher than 1.9 W. The laser modes and intensity at short wavelength increase and the intensity of laser mode at long wavelength decreases and finally vanishes when the absorbed pump power is higher than 2 W. This may be caused by the redistribution of the saturated inversion population which is strongly dependent on the intracavity laser intensity [17] . Therefore, competition between the gain provided by the saturated inversion population and losses from the gain profile under high temperature due to the absorbed pump power [18] will dominate the stimulated emission spectra. The linewidth of each mode was less than 5.7 GHz, limited by the resolution of used optical spectra analyzer. The central wavelength of 1030 nm shifts to longer wavelength with pump power, which is caused by the temperature dependent emission spectrum of Yb:YAG ceramic, the same properties as that of Yb:YAG crystals [19] . It should be noted that stable single-longitudinal-mode oscillation could be obtained by increasing the pump beam diameter incident on the laser ceramic at higher pump power. Figure 4 shows the oscilloscope trace of the pulse trains and the output pulse with 237 ps pulse width (FWHM) and 172 μJ pulse energy. The output pulse amplitudes and repetition rate fluctuation are less than 6% [as shown in Fig. 4(a) ], evidencing a very stable self-Qswitching laser operation. Over 0.72 MW laser pulses with the pulse width of 237 ps were obtained at a repetition rate of 3.5 kHz when the absorbed pump power is 3.28 W [as shown in Fig. 4(b) ]. The unfocused peak output intensity was > 18.3 × 10 9 W/cm 2 with a lasing mode diameter of 100 μm. The focused peak output intensity will be > 10 12 W/cm 2 with commercial available focus lens; such high peak power intensity will be potential used in laser ignition, material processing, efficient nonlinear conversion, and so on. Figure 5 shows pulse repetition rate, pulse width, pulse energy, and peak power as a function of the absorbed pump power. Repetition rate increases linearly from 320 Hz to 3.5 kHz with absorbed pump power. The error bars indicate the increase of timing jitter at high repetition rate, and the timing jitter is less than 5% even at high pump power. Pulse width (FWHM) decreases from 320 to 237 ps slowly with the absorbed pump power. Pulse energy increases from 134 to 172 μJ with the absorbed pump power and pulse energy increases slowly when the absorbed pump power is greater than 1.6 W, and pulse energy tends to be saturated when the absorbed pump power is higher than 2.6 W. Peak power of all-ceramic composite Yb:YAG/Cr :YAG to modify the potential pulse energy generated, so that the intracavity laser fluence is decreased to avoid the coating damage. Except the higher pump power threshold owing the high transmission of the output coupler, the optical-to-optical efficiency and slope efficiency are comparable or better than those obtained by using planeconcave cavity in Ref. [14] . The optical and thermal properties of Yb:YAG material become better at low temperature [19, 20] . The laser performance (output pulse energy and peak power) of this composite Yb:YAG/Cr 4+ :YAG ceramics microchip self-Q-switched laser can be further improved by adopting cooling system or working at cryogenic temperature. :YAG at 1064 nm is 6 cm -1 ). Under 15 W pump power, laser pulses with pulse energy of 250 μJ and pulse width of 380 ps at repetition rate of 1 kHz were obtained, the corresponding peak power of 565 kW was achieved. However, the optical-to-optical efficiency of such passively Q-switched Nd:YAG/Cr 4+ :YAG microchip laser is less than 2%, and is lower than that of composite Yb:YAG/Cr 
Conclusion
In conclusion, picosecond self-Q-switched microchip laser on the base of novel all-ceramic composite Yb:YAG/Cr 4+ :YAG structure has been developed. High slope efficiency of 29% at 1030 nm was achieved by adjusting thicknesses of Yb:YAG and Cr
4+
:YAG parts of its binary lasing and Q-switching elements. Laser pulses with 172 μJ pulse energy and 237 ps pulse width at repetition rate of 3.5 kHz were achieved. Over 0.72 MW peak power with nearly diffraction-limited (M 2 < 1.09) lasing beam has been demonstrated as well. The unfocused peak output intensity of over 18.3 × 10 9 W/cm 2 will be strong enough to obtain efficient nonlinear conversion. Performance of all-ceramic composite Yb:YAG/Cr 4+ :YAG picosecond lasers can be further improved by controlling concentrations of lasing (Yb 3+ ) and Q-switching (Cr 4+ ) coactivators, as well as by optimizing the ratio of thicknesses of its binary parts.
